Skeletal muscle satellite cells are stem cells that facilitate muscle repair and regeneration following "damage". Such "damage" occurs following exercise, and leads to activation and proliferation of these cells from their quiescent state therefore increasing cell numbers. In this mini review the likely triggers for satellite cell activation following exercise are discussed, along with the some of the recent data that shows that satellite cell number is increased acutely following exercise and chronically as a result of long term training, in a manner that appears somewhat dependent upon skeletal muscle fibre type and exercise intensity but not overall exercise type. 
Introduction
Satellite cells are skeletal muscle stem cells, so called due to their anatomical location as first noted by Mauro (1961) . Satellite cells of the trunk and limb musculature have a somitic origin, developing secondary to those cells which form muscle fibres (Relaix et al., 2005 , Gros et al., 2005 , and subsequently taking up their position as satellite cells, lying quiescent between the basal lamina and sarcolemma of muscle fibres (Mauro, 1961) . As skeletal muscle is a post-mitotic tissue containing hundreds of terminally differentiated nuclei per fibre, any increases in the number of skeletal muscle nuclei (myonuclei) are derived from satellite cells. The scope of this mini-review is to discuss factors which may be involved in the activation of satellite cells from their quiescent state, and further to overview some of the recent literature which has examined the effect of exercise on satellite cell behaviour. For a more thorough overview of satellite cell biology, readers are referred to (Kadi et al., 2005) .
Molecular markers of satellite cells
Although satellite cells can be identified using electron microscopy, this is a costly, highly skilled and time consuming method. A number of markers of satellite cells are now commonly used within the literature; however difficulties arise firstly because markers of satellite cells do not always translate across species , and secondly as there are increasing reports of the satellite cell pool being heterogeneous in its make-up (Beauchamp et al., 2000 , Qu-Petersen et al., 2002 , Ono et al., 2010 . Despite these difficulties, the paired box transcription factor 7 (Pax7) has emerged as the gold standard marker of satellite cells across species (Seale et al., 2000) , and co-expression of Pax 3 and 7 appears to label the majority of the satellite cell pool in rodents (Relaix et al., 2005 . In addition, a recent report which utilised an ex-vivo approach whereby satellite cells are examined whilst still in proximity with the muscle fibre and thus remain in their in vivo niche, identified the proteins Caveolin-1, integrin α7 and the Calcitonin receptor along with Pax7 as markers which are coexpressed and therefore identify satellite cells in a quiescent state in mice .
There is a scarcity of literature, however, which can be turned to with regards identifying markers of satellite cells in humans due to practical constraints and ethical implications associated with obtaining human skeletal muscle. Pax7 is still considered to be a strong marker of satellite cells in human muscle, although it may not be expressed by all of the population (Reimann et al., 2004) . The most commonly used marker is CD56 (Neural cell adhesion molecule; NCAM) which is expressed by all muscle precursor cells regardless of their lineage progression (Schubert et al., 1989 , Sinanan et al., 2004 . Because CD56 is not specific to quiescent satellite cells, it is necessary to either identify satellite cells by co-expression of CD56 with Pax7, or use their anatomical location (Kadi et al., 2004a , Kadi et al., 2004b , Petrella et al., 2008 , Mackey et al., 2009 , Lindstrom et al., 2010 , Mackey et al., 2011 in order to ascertain satellite cell status in human skeletal muscle. As a consequence of the lack of clear markers for satellite cells in humans, and the ethical considerations of performing invasive work, most of the knowledge acquired regarding satellite cell activation from quiescence has been derived from rodent studies and extrapolated to humans.
Activation of satellite cells
When skeletal muscle is injured, damaged or exercised, satellite cells are activated from their quiescent state, proliferate and then either fuse to existing fibres to provide new myonuclei or return to quiescence (Dhawan and Rando, 2005) . These events however remain poorly understood, and there appears to be no singular factor which can be linked directly with satellite cell activation. As such it seems that satellite cell activation from quiescence may be a multi-facetted process.
Upon satellite cell activation, the up-regulation of muscle regulatory factors (MRF's); a group of helix-loop helix transcription factors consisting of MyoD, myf-5 and Myogenin, leads to the commitment of these cells to the myogenic lineage . The MRF hierarchy begins with early MRF's; myf-5 and MyoD which are expressed in proliferating, activated muscle precursor cells (Zammit et al., 2002) , and latterly myogenin is expressed in differentiating cells (Cornelison and Wold, 1997) . Co-expression of MyoD with Pax7 is a well-defined marker of satellite cell activation (Zammit et al., 2004) . The up regulation of MyoD is dependent on Pax7 and Pax3, without which MyoD expression is not detected (Relaix et al., 2006 , Collins et al., 2009 . Furthermore, when Pax7/3 are absent, myf-5 alone is still present and able to activate myogenin thus leading to terminal differentiation, however, satellite cells fail to proliferate normally and undergo apoptosis (Relaix et al., 2006) , indicating that Pax7 is critical for normal satellite cell behaviour and skeletal muscle regeneration.
Following activation, some muscle precursor cells fuse to myofibres adding to the myonuclear pool, whereas a sub-set return to quiescence and satellite cell status (Dhawan and Rando, 2005) . Zammit et al. (2004) showed that whilst most activated satellite cells express Pax7 and MyoD and thus go on to differentiate, a small proportion fail to up regulate MyoD or lose MyoD expression, resulting in failure to commit to the myogenic lineage and likely signifying cells which return to quiescence. These data are further confirmed by those of Relaix et al. (2006) , where terminally differentiated myotube cultures contained a sub-set of undifferentiated cells which expressed Pax7 and 3, but not MyoD.
Work from Conboy and Rando (2002) has shown that following satellite cell activation, muscle precursor cell lineage determination is dependent on Notch signalling. Indeed, following satellite cell activation, proliferating muscle precursor cells divide asymmetrically with respect to the Notch inhibitor protein, Numb. Those cells which express Numb become committed to the myogenic lineage as evidenced by expression of myf-5 and myotube formation, whereas those which fail to express Numb are myf-5/ MyoD negative, but remain Pax3 positive, and fail to differentiate in culture (Conboy and Rando, 2002) . These data support and enhance those of Zammit et al. (2004) and Relaix et al. (2006) in explaining the intracellular molecular signals which regulate satellite cell fate.
The precise signals which orchestrate satellite cell activation however remain largely unknown. Over 20 years ago it was discovered that satellite cells on isolated single myofibres were activated when exposed to extract from crushed muscle (Bischoff, 1986) , sparking the suggestion that growth factors released from damaged muscle may be responsible for satellite cell activity. A popular candidate is Insulin like growth factor-I (IGF-I); a growth factor expressed by both the liver and muscle tissue (Schwander et al., 1983 , Tollefsen et al., 1989 , which has long been known to improve muscle precursor cell proliferation and myotube formation in cell culture (Roede et al., 1988 , Engert et al., 1996 . IGF-I has also been shown to increase protein synthesis in diseased (Barton et al., 2002) and healthy muscle (Musaro et al., 2001 , Shavlakadze et al., 2010 in animal models, and there is an overriding body of literature demonstrating that muscle IGF-I mRNA and protein expression is increased following exercise/muscle injury (Yang et al., 1997 , Haddad and Adams, 2002 , Hameed et al., 2003 , Adams et al., 2007 , Bamman et al., 2007 , Hameed et al., 2008 . Indeed, in response to muscle injury, the IGF-I gene is alternatively spliced, giving rise to an isoform termed mechano growth factor (MGF) due to its mechanosensitivity (Yang et al., 1996) . It now appears that it is this isoform of the IGF-I gene that is up regulated rapidly in response to exercise/muscle injury, and has been associated with satellite cell activation . Cell culture experiments have confirmed these data, revealing that MGF causes proliferation of muscle precursor cells (Yang and Goldspink, 2002 , Ates et al., 2007 , Kandalla et al., 2011 whilst preventing fusion of precursor cells into myotubes (Yang and Goldspink, 2002) .
Whilst IGF-I is the most extensively studied factor implicated in satellite cell activation, other proteins may also contribute. In particular Hepatocyte Growth Factor (HGF) acting through its receptor c-met, appears able to activate satellite cells and stimulate proliferation (Tatsumi et al., 1998) . Whilst true in vitro, HGF has also been shown to activate satellite cells when directly injected in vivo (Tatsumi et al., 1998) . In vitro stretch of cultured myoblasts, (which elicits responses similar to in vivo exercise; (Passey et al., 2011) ) causes HGF release from the cells (Tatsumi et al., 2001 , Tatsumi et al., 2002 and it has been shown that this is dependent upon Nitric oxide signalling (Tatsumi et al., 2002 , Anderson, 2000 , Tatsumi et al., 2006 . However, there is very little evidence that HGF is released from muscle to act in a paracrine manner following exercise. Indeed, O'Reilly et al. (2008) found that there was a slight trend towards an increase in muscle HGF following exercise, although not significant, whereas there was a significant increase in serum HGF concentrations (O'Reilly et al., 2008 , Serrano et al., 2008 . Therefore, whilst there is substantial evidence that HGF can activate satellite cells from quiescence, whether this is the trigger for such a phenomena following exercise remains uncertain.
Myostatin, a negative regulator of muscle mass, has also been a candidate in the regulation of satellite cell activation. As myostatin knock-out or inhibition causes hypertrophy/hyperplasia, it is proposed that in basal conditions myostatin maintains satellite cell quiescence. In culture, proliferation of muscle precursor cells has been shown to be inhibited by recombinant myostatin due to cell cycle arrest in the G1 phase (Thomas et al., 2000 , McCroskery et al., 2003 , and cells isolated from myostatin null mice proliferate faster than wild-type cells (McCroskery et al., 2003 , Wagner et al., 2005 . These effects have been attributed to negative regulation of Pax7, as myostatin treatment has been shown to down regulate Pax7 in cultured myoblasts, and inhibition of myostatin causes Pax7 up regulation (McFarlane et al., 2008) . More recently it has been suggested that myostatin and HGF may act in a reciprocal manner, whereby high HGF concentrations in the muscle stimulate activation of satellite cells which may elicit an increased myostatin expression, which functions to induce satellite cell quiescence and replenish the satellite cell pool (Yamada et al., 2010) . Indeed, myostatin mRNA expression has been shown to be reduced after exercise for up to 24 hours, which may aid in attenuating the repression on satellite cell activation (Louis et al., 2007) . Whilst these data support a role for myostatin in satellite cell activation/proliferation, an eloquent set of experiments by Partridge and colleagues concluded that hypertrophy driven by myostatin inhibition was not due to satellite cell activity (Amthor et al., 2009 ).
Other potential candidates as satellite cell activators include Interleukin 6, released from skeletal muscle and activating satellite cells through STAT signalling (Serrano et al., 2008 , McKay et al., 2009 , Toth et al., 2011 , Delta-like 1 (Waddell et al., 2010) , Fibroblast growth factor (Sheehan and Allen, 1999) , and Angiotensin II (Johnston et al., 2010) although as yet there are few studies examining these possible factors, and little or no data with respect to exercise related increments.
Satellite cell response to acute exercise
Satellite cells become activated from quiescence in response to muscle injury and/or damage such as occurs during exercise. The response of satellite cells to an acute bout of exercise has thus been a popular topic for investigation, in particular aiming to elucidate the time course associated with increasing satellite cell numbers, the extent of the proliferative effect and potential triggers for activation (see above). Smith et al. (2001) exercised rats on a treadmill for 30 minutes and found no increase in satellite cell number over the ensuing 7 day period using MyoD as a marker of activation status. Contrary to these results, Parise et al. (2008) subjected mice to treadmill exercise and showed significant increases in satellite cell number (using myf-5) 48 hours through to 96 hours postexercise. These differences may be attributable, firstly, to the muscle examined; the soleus was examined in the former study and tibialis anterior in the latter, and secondly, fast and slow muscles may exhibit differences in satellite cell number and behaviour following exercise in rodents (see later section).Finally, and perhaps notably, the exercise intensity and duration was considerably different between studies. Satellite cell number increased significantly following 155 minutes of exercise at speeds reaching 40 metres per minute (m/min) culminating in a run to exhaustion at 17m/min , whereas no such increase was associated with exercise at 15m/min for 30 minutes at a slight decline (Smith et al., 2001) . These data suggest that intensity is important in activating satellite cells, which supports the theory that they are required in regeneration and muscle repair. This inference is confirmed by Kurosaka et al. (2011) whose data showed that in exercised rats, increases in satellite cell number was intensity rather than duration dependent. Abreviations: RT= Resistance training, ET= Endurance training, ES= Electrical stimulation, VL=Vastus lateralis, EDL= Extensor digitorum longus, TA= Tibialis anterior, G= Gastrocnemius, Pl= Plantaris, Tr= Trapezius, S= Soleus, EM= Electron microscopy, LM= Light microscopy. *Only with high intensity training, no increases seen with low intensity. # Increases only seen in individuals who responded most robustly to RT.
The acute satellite cell response to exercise has been examined in humans largely using maximal eccentric contractions of the vastus lateralis muscle by isokinetic dynamometry, as eccentric exercise is generally considered to induce maximal levels of muscle damage (Gibala et al., 1995) . Crameri and Colleagues (2004) exhibited increases in the number of CD56 positive cells as early as 48 hours following eccentric muscle contractions; an increase which persisted for 8 days, which was the latest time point examined (Crameri et al., 2004) . However, in this study earlier time points were not examined due to a small sample size. This issue was addressed by Dreyer et al. (2006) who examined the number of CD56 positive cells 24 hours after eccentric muscle contractions and found significant increases in satellite cell numbers in both young and older subjects. Indeed, it appears that the satellite cell response to acute exercise in humans occurs during the first 24 hours, as O'Reilly et al. (2008) found no increase in the number of CD56 positive cells 4 hours post eccentric exercise, however at 24 hours there was a significant increase over preexercise values. These data were confirmed by McKay et al. (2009) , showing significant increases in satellite cell numbers 24 hours post-exercise, in this case using Pax7 as a marker. Furthermore, while satellite cells become activated and proliferate to levels above baseline in the initial 24 hours following exercise, it appears that the satellite cell response may be complete by 72-96 hours post-exercise, as satellite cell numbers appear greatest at this time point and thereafter decline (O'Reilly et al., 2008 , McKay et al., 2009 , Crameri et al., 2004 .
Satellite cell response to chronic exercise (training)
There is a growing body of literature to suggest that the number of satellite cells increases and remains elevated as a response to long term training. These studies are summarised in table 1, and suggest that both resistance and endurance training can enhance the satellite cell pool in response to training periods ranging from 9 to 16 weeks in humans and as little as 3 weeks in rodents (Kadi et al., 2004b , Petrella et al., 2008 , Kadi and Thornell, 2000 , Roth et al., 2001 , Charifi et al., 2003 , Mackey et al., 2007 , Verney et al., 2008 , Shefer et al., 2010 , Kurosaka et al., 2011 , Mackey et al., 2011 Merry, 2012), although failure to enhance the satellite cell pool following a training intervention has been reported in an obese, diabetic population (Snijders et al., 2011) . Few studies however, have directly compared the satellite cell response to endurance and resistance training. Verney et al. (2008) employed concomitant upper body resistance training and lower body endurance training for 14 weeks in elderly individuals, and saw similar increases in the proportion of satellite cells in the deltoid muscle (resistance trained) and vastus lateralis muscle (endurance trained). While these data do not provide direct comparisons due to the different muscle groups trained and analysed, Smith and Merry (2012) exercised rats for 6 weeks using either resistance type or endurance type exercise, and found no difference between the proportional gains in satellite cell number of the same muscles between groups. These data suggest that endurance and resistance training amplify the satellite cell pool to a similar extent. However, it should be noted that while resistance type training leads to satellite cell number augmentation and increased mass with myonuclear addition (Petrella et al., 2008 , Kadi and Thornell, 2000 , Bruusgaard et al., 2010 , endurance training generally fails to increase muscle mass (Ingjer, 1979 , Hoppeler et al., 1985 or myonuclear number (Verney et al., 2008 , Kurosaka et al., 2011 , Smith and Merry, 2012 . Thus, while the potential for repair and regeneration via satellite cell addition to myofibres is improved with both training types, the regulation of muscle mass appears to be independent (at least in part) of the training induced expansion of the satellite cell pool elicited by resistance and endurance training. This is an important consideration when prescribing exercise interventions for individuals suffering from muscle wasting conditions or sarcopenia, where maintenance or gains in muscle mass are of paramount importance.
Finally, there appears to be a differential response to the training induced satellite cell expansion between muscle fibre types. There is a portion of literature which suggests that type I myofibres contain a greater number of satellite cells in untrained muscle than type II fibres Merry, 2012, Shefer, et al., 2006) . It should however be noted that these were rodent studies, which specifically examined slow and fast muscles rather than mixed muscle. In human studies which typically have examined the vastus lateralis muscle, no difference has been detected in satellite cell numbers between fibre types in young healthy individuals (Kadi et al., 2006 , Verdijk et al., 2007 , Snijders et al., 2012 . In response to exercise however, fast type II fibres experience increases in satellite cell number, whereas type I fibres seemingly do not Merry, 2012, Verdijk et al., 2009) , which seems sensible since these fibres are those which experience the most robust hypertrophy following resistance training; these data are yet to be confirmed in human studies using a young population group.
Conclusion
Skeletal muscle satellite cells are activated and proliferate following an acute exercise bout, and their number is enhanced by chronic endurance and resistance training. The trigger for this activation may be a growth factor released from the damaged muscle acting upon the satellite cells in a paracrine fashion although this process is not fully understood and may be multi-faceted. More research should be conducted in humans to attempt to elucidate the precise mechanisms behind this process, and how this impacts upon skeletal muscle adaptation to exercise in performance, diseased and ageing populations.
